ABSTRACT
The aim of this paper is to discuss, on the basis of an extensive literature review, the role of magnesium in health and disease. Magnesium is an essential cation playing a crucial role in many physiological functions. It is critical in energy-requiring metabolic processes, in protein synthesis, membrane integrity, nervous tissue conduction, neuromuscular excitability, muscle contraction, hormone secretion, and in intermediary metabolism. Serum magnesium concentration is maintained within a narrow range by the small intestine and kidney which both increase their fractional magnesium absorption under conditions of magnesium deprivation. If magnesium depletion continues, the bone store helps to maintain serum magnesium concentration by exchanging part of its content with extracellular fluid. The abundance of magnesium within cells is consistent with its relevant role in regulating tissue and cell functions. Recent data suggest that large fluxes of magnesium can cross the cell plasma membrane in either direction following a variety of hormonal and nonhormonal stimuli, resulting in major changes in total and, to a lesser extent, in free magnesium content within tissues. Imbalances of magnesium are common and are associated with a great number of pathological situations responsible for human morbidity and mortality. A large part of the population may have an inadequate magnesium intake, and in particular elderly subjects and athletes may be prone to chronic latent magnesium deficiency. Magnesium deficit is frequently observed in alcoholics and diabetic patients, in whom a combination of factors contributes to its pathogenesis. We will discuss some of the aspects of the involvement of magnesium in the etiology of some pathological situations, such as cardiovascular diseases, diabetes, pre-eclampsia, eclampsia, sickle cell disease and chronic alcoholism.
INTRODUCTION
There is increasing interest in the role of magnesium in physiology, nutrition, and clinical medicine. The history of medicine teaches that the use of a substance in medical practice always precedes by many years the understanding of its biological mode of action. Magnesium salts were used as cathartic drugs during the Renaissance in Italy. In 1810, magnesium oxide was used to treat patients with uric acid stones. In 1869, Jolyet & Cahours carried out specific pharmacological studies with magnesium. In 1926, Jehan Leroy recognized magnesium as an essential ion, and many of the physiological properties of this cation in the rat were described by Mac Collum & Greenberg in the 1930's. Flink, in 1956 , carried out the earliest clinical study clearly identifying the syndrome of magnesium deficiency in man. Aikawa published his first book about magnesium in 1963, but the understanding of the biology of magnesium was still very rudimentary due to the lack of a suitable analytical method. In 1968, Wacker published a review on magnesium metabolism, which was a classic reference for several years. Meanwhile, Seelig in the United States, and Durlach in Europe were beginning to carry out clinical studies of magnesium metabolism. A series of clinical case reports in the early 1960's helped focus attention on the role of hypomagnesemia in various malabsorptive states and stimulated efforts to study magnesium depletion and its consequences under controlled conditions. The rapid progress made in recent years is clearly demonstrated by the regular occurrence of meetings on magnesium, papers in specific international journals such as Magnesium Research, and the already extinct Magnesium, and Magnesium Bulletin, and in innumerable biomedical journals. The aim of this review is to discuss the role of magnesium in health and disease (1,2).
MAGNESIUM NORMAL PHYSIOLOGY AND BIOCHEMISTRY

Role of magnesium in metabolic functions
Magnesium, the second most abundant intracellular cation, plays an important role in cellular function. It is involved in more than 300 enzymatic reactions in the body, participating in the metabolism of glucids, lipids, proteins, and nucleic acids, in the synthesis of H 2 transporters, and particularly in all reactions involving the formation and use of adenosine triphosphate (ATP) (2). Magnesium participates in such reactions by forming a chelate, i.e., a coordination complex. Kinetic studies of several enzymes requiring both magnesium and ATP, including fructokinase, creatine kinase, and hexokinase, indicated that enzyme activity depends on the ratio (as well as on the absolute concentrations), of the two cofactors and that magnesium chelates strongly with ATP. These observations led to the concept of the Mg(ATP) complex as the active substrate for enzyme action. Similarly, a magnesium complex with adenosine diphosphate (ADP) appears to be the active substrate for creatine kinase and other enzymes. Although complexation with nucleotides is by far the most common example of the involvement of magnesium in the formation of active substrates, the same principle may also operate in other situations. For example, the results of kinetic studies suggest that Mg(isocitrate) is the active substrate for isocitrate dehydrogenase (3). The second general mechanism of magnesium action is its direct binding to the enzyme protein and resultant allosteric activation. Examples of such enzymes are pyruvate kinase, phosphofructokinase, and pyruvate carboxilase. With some of these enzymes magnesium has a dual function, not only forming part of the reactive substrate but also activating the enzyme allosterically (4). However, in fundamental cellular functions magnesium may have opposite actions. For example, the Mg(ATP) complex stimulates the type-L calcium channels, and Mg 2+ inhibits them (5).
At the cell membrane level, magnesium is known to altering both receptor sites and ion movements across the membrane. By making complexes with the phospholipids, magnesium stabilizes the membranes, reducing their fluidity and permeability. In magnesium deficit, intracellular concentrations of calcium and sodium increase, and concentrations of potassium and phosphorus decrease. Simultaneously, the membrane depolarizes (6, 7). These alterations may be the result of magnesium's direct effect on sodium, calcium, or potassium channels or its indirect effect on enzymes in the cell membrane that are involved in active transport, e.g., (Na + K + )-ATPase. Thus, magnesium is an important modulator of intracellular ion concentrations. Magnesium also regulates lipid and phosphoinositide-derived second messengers (8).
Within the cell, magnesium affects the function of organelles such as sarcoplasmatic reticulum, primarily by its ability to alter calcium flux (9-11), or mitochondria by altering their membrane's permeability to protons, which leads to alterations in the coupling of oxidative phosphorylation and electron transport chains, thus affecting the efficiency of ATP production (2).
Magnesium also acts as a calcium antagonist. In the neuromuscular system it reduces the electric excitability of the neurons and inhibits the release of acetylcholine by the nerve endings at the neuromuscular junction and blocks the effect of N-methil-D-aspartate, an excitatory neurotransmitter of the central nervous system (12). Magnesium also acts as a vasodilator, like other calcium antagonists, and inhibits the coagulation processes (13). In muscle contraction, both stimulation and the activity of the calcium transport system in the sarcoplasmatic reticulum membranes depend on the presence of magnesium ions (14). Troponin contains four calcium-binding sites, two of which have a high affinity for calcium and bind magnesium competitively. It appears that these calcium-magnesiumtype sites are not directly involved in any rapid twitching mechanism, but that they play only a structural role in muscle (15). Magnesium bound to these sites may have several functions. One might be to maintain the protein permanently in a particular conformational state regardless of the fluctuation in calcium (assuming that both magnesium-and calcium-induced structural changes are essentially the same). In the case of troponin, this conformation may be a prerequisite for calcium activation via binding at the calcium-specific sites (16,17).
Compelling evidence shows that magnesium is directly correlated to proliferation in normal cells as magnesium stimulates DNA and protein synthesis (18).
These and many other cellular functions make magnesium a crucial element in living beings. It is easy to understand why disruptions in magnesium metabolism may be factors in the development of pathological conditions.
Magnesium distribution and regulation
In biological systems, magnesium ions exist in three different states: bound to proteins, complexed to anions, and free (Mg 2+ ). Only free magnesium has biological activity.
The adult human body contains approximately 24 g (1 mol) of magnesium in cells versus 280 mg in extracellular fluids (19). The skeleton represents the body's largest magnesium store (about 60% of total magnesium) that can be divided into two subcompartments. The slow bone compartment corresponds to firmly apatite-bound magnesium that cannot be mobilized even under conditions of extreme depletion. The second is the mobile compartment comprising magnesium that is absorbed to the surface of mineral crystals; this fraction can be increased by increasing magnesium supply and is mobilized during hypomagnesemia. Thus, bone functions as a large magnesium reservoir that may help to stabilize its concentration in serum. About one fourth of total magnesium is located in skeletal muscle; the nervous system and other organs with high metabolic rates, namely the liver, myocardium, digestive tube, kidney etc., account for the remaining. In serum, about one third is bound to proteins, mainly albumin; the remaining two-thirds are ultrafiltrable, being approximately 92% free and 8% complexed to citrate, phosphate, and other compounds (20, 21 seems to move rapidly between intracellular compartments and across the plasma membrane (29). Although a complete picture of its intracellular regulation is lacking, Mg 2+ seems to enter cells by a passive mechanism due to the electrochemical gradient that results from the electronegative charge of the cells' interior and by facilitated diffusion (25); it is thought that Mg 2+ is extruded from cells mainly via a Na-Mg exchanger (10,25,28). Data from Wolf and co-workers (30) confirmed in a tumor cell line that the Na-Mg antiporter is the main mechanism driving Mg 2+ efflux and that this Na-Mg antiporter is both regulated by cAMP and is an active process strongly dependent on cell energy metabolism. Such an efflux has been described in several cell types with different stoichiometry; it seems to be the most widely diffused magnesium pump at the plasma membrane of eucharyotic cells (31 Like other intracellular cations, magnesium shows an intracellular compartmentalization that has not yet been fully characterized. Nuclei and mitochondria seem to store large amounts of magnesium, and an Mg-Ca exchange has been described in endoplasmatic reticulum (34).
From all the information available at present, it is clear that intracellular magnesium homeostasis is the result of several specific mechanisms working in different directions for the maintenance of constant cell magnesium content. These mechanisms must be very effective, since it has been found very difficult to identify physiological conditions where cytosolic free magnesium concentration is substantially modified. Nevertheless, these regulation mechanisms deserve further studies.
Magnesium balance: absorption, excretion, and homeostasis
Magnesium balance is achieved through intestinal absorption and renal excretion. Elimination by sweat is only important under extreme conditions with large sudation (35). In normal individuals, intestinal and renal conservation and excretory mechanisms permit homeostasis over a wide dietary intake (36).
In physiological conditions, 30 to 50% of magnesium uptake is absorbed (37), mainly by the small intestine. The net magnesium absorption results from the content of ingested foods and from retention of the magnesium in the digestive fluids (38). There are two mechanisms of absorption: one active and saturable and another passive (37). Passive absorption occurs by paracellular pathway following a favorable electrochemical gradient as a function of water and solutes movements and seems to be proportional to dietary intake. Regulated active transport operates only under conditions of low magnesium intake (39). Magnesium concentration in the digestive tube is the most important determinant of the amount of magnesium absorbed (38); nevertheless, food elements capable of influencing magnesium absorption should be taken into account in investigation of cases of low magnesium intake (40). Substances increasing magnesium solubility favor its absorption, opposite the action of substances that form insoluble complexes. Recent data show that no competition exist between magnesium and calcium for absorption, as calcium supplementation does not decrease magnesium absorption (40). Phosphates can inhibit magnesium absorption through the formation of insoluble magnesium complexes in the intestine (41). Several works have popularized the concept according to which diets rich in fiber have unfavorable effects on magnesium absorption (42,43). However, from recent studies it is clear that the effect of fiber on magnesium absorption depends on the nature (solubility and fermentability) and the amount of fiber and on the associated compounds in the meal such as phytates (44-47). Drinking water may be an important source of magnesium that may be better absorbed than dietary magnesium (48) .
Analyzing magnesium intake and urinary excretion, one can observe that there is on average an elimination of about one third of the dietary magnesium in the urine. When magnesium intake is severely restricted in humans with normal kidney function, output becomes very small. Supplementing a normal intake increases urinary excretion without altering normal serum levels, as long as renal function is normal and the amounts given are not excessive. So, the kidney conserves magnesium in response to a deficiency, and renal excretion increases in proportion to the load presented to the kidney. Approximately 70 to 80% of the serum magnesium is filtered through the glomerular membrane but only 20 to 30% of the filtered magnesium is reabsorbed along the proximal tubule. The primary site for magnesium reabsorption is the thick ascending limb of the loop of Henle, where about 65% of the filtered magnesium is reabsorbed. At this site, magnesium reabsorption is associated with NaCl cotransport. The increase in renal excretion that accompanies increased magnesium uptake seems to be a response to increased plasma magnesium. The decreasing urinary excretion that is observed in deficit situations seems to result from increased magnesium reabsorption in the loop of Henle. Factors decreasing NaCl reabsorption in the thick ascending limb of the loop of Henle, like osmotic diuretics, increase magnesium excretion (49) .
Several studies indicate that glucagon, parathyroid hormone, calcitonin, and insulin increase magnesium reabsortion in the loop of Henle and proximal tubule.
On the contrary, hypercalciuria and hypophosphatemia decrease tubular reabsorption. Metabolic acidosis also increases magnesium urinary excretion (40, [50] [51] [52] . Increases in catecholamine levels from any cause can induce hypomagnesemia that seems to be associated with an increase in magnesium excretion in the urine. Female sex hormones significantly affect magnesium metabolism (57) . Serum magnesium levels of women of active reproductive age have been reported to be lower than levels of males of equal age. In addition, serum magnesium levels of women taking hormonal contraceptives were lower than in age-matched controls. Schlemmer and co-workers reported decreased urinary excretion in postmenopausal women treated with estrogens in cyclical combination with gestagens when compared with a group of postmenopausal given placebo (58) . Female sex hormones also favor magnesium uptake into bone as part of the process of mineralization (59) . Hypomagnesemia that frequently develops during the second half of pregnancy is probably caused by increased urinary magnesium losses (60) .
In chronic magnesium deficit, magnesium decreases in plasma and tissues, and bone magnesium is mobilized to restore normal magnesemia (53) . According to some authors, vitamin D plays a minor role in magnesium homeostasis (54) , while for others, it has a direct action on magnesium intestinal absorption (55, 56) .
Thus, the mechanisms leading to hypomagnesemia may include decreased intake or absorption, internal redistribution, and/or increased renal or nonrenal loss.
Dietary magnesium intake
Until the mid 1960's, textbooks of biochemistry devoted only a few lines to the importance of magnesium in nutrition. One of the factors that helped to focus more attention to magnesium was the appearance, in 1964, of a monograph by Seelig emphasizing the inadequate dietary magnesium intake in the Western World. Since then, several investigators have observed a decreasing magnesium intake in different countries (61) . This decrease has been attributed to a wide variety of factors, including a drop in the consumption of grain products, agricultural techniques of accelerated growth, decreased magnesium fixation by plants, use of magnesium-poor soil fertilizers, use of pesticides (inhibition of absorption), refining of foods (resulting in large losses of magnesium, especially in sugars and grains), and boiling of vegetables, which causes major losses in water etc.
(19).
A large number of balance studies have been performed over the years in an effort to obtain quantitative data on magnesium requirements (62) . These studies involved the measurement of daily dietary intake along with subtraction of daily excretory losses via urine and feces, yielding a positive or negative "balance". Based on long-term balance studies, Seelig and Durlach, in the early sixties, recommended a daily magnesium intake of 6 mg/kg/day (63,64). More recently, other authors have agreed with Seelig and Durlach's recommendation (40,65). However, when analyzing the results of the reported surveys in several populations, we conclude that this value is frequently not reached in developed countries (62, (66) (67) (68) (69) (70) (71) .
As marginal magnesium intake may condition hypomagnesemia, which is observed in several pathological situations, more attention needs to be paid to magnesium intake. In some cases the need for supplementation should be considered. However, the use of supplementation should be carefully evaluated, as renal disturbances may lead to magnesium excess and pathological consequences. Populations with special needs, including pregnant women, individuals practicing exercise, alcoholics, elderly people, diabetics, etc., should pay extra attention to magnesium status.
MAGNESIUM DEFICIT
Etiological mechanisms of magnesium deficit
Primary magnesium deficit originates from two etiological mechanisms: deficiency and depletion. Deficiency is due to insufficient intake, and depletion is due to deregulation of factors controlling magnesium status such as intestinal magnesium hypoabsorption, urinary leakage, reduced magnesium bone uptake and mobilization, hyperglucocorticism, insulin-resistance and adrenergic hyporeceptivity. Secondary magnesium deficit results from various pathologies and treatments: non-insulin dependent Diabetes mellitus, alcoholism, or ingestion of hypermagnesuric diuretics (51), etc. Magnesium deficit may contribute to neuromuscular, cardiovascular, renal and other pathologies (2).
Consequences of chronic magnesium deficit
The investigation of magnesium deficit has often involved the induction of magnesium deficiency in animals. These studies have shown several cellular alterations including mitochondrial disorders, with partial uncoupling of oxidative phosphorylation (72, 73) ; impairment of electrolyte homeostasis with loss of potassium and phosphorus and gain of calcium and sodium as a result of the alteration in the fluidity and integrity of cellular and sarcoplasmic reticulum membranes; inhibition of glutathione biosynthesis (74, 75) ; depletion of selenium and reduced glutathione peroxidase activity (76); increased cytokine concentrations; and alterations in iron metabolism (77, 80) . A study of magnesium supplementation in animals with oxidative stress diseases suggested its anti-peroxidant effect through a finding of decreased lipid peroxidation (81) . Magnesium-deficient animals showed, among other pathological signs, anemia (82), myopathy (83), muscular weakness (84), tetany (16), cardiac rhythm disorders, and changes in blood pressure (85) . These data should be treated with care in application to humans, since they were observed in severely magnesium-deficient animals.
The assessment of a patient's magnesium status is problematic, because there are no easily performed tests that reliably predict the intracellular concentration (2). The patient should be tested for clinical and paraclinical signs of neuromuscular hyperexcitability. The most significant is Chvostek's sign: careful auscultation of the heart reveals a systolic click and a mitral valve murmur. Paraclinical examination involves electromyogram (EMG), electroencephalogram (EEG), and echocardiogram (ECC), after which mitral valve prolapse is often identified. Clinical assessment also includes measurement of magnesium in plasma and red blood cells, plasma calcium levels, and urinary magnesium.
When analyzing the consequences of magnesium deficit in man, the best-documented clinical aspects are the nervous alterations resulting from primary chronic magnesium deficiency (2,86). Nervous hyperexcitability due to chronic insufficient magnesium intake results in a non-specific clinical pattern with an associated central and peripheral neuromuscular symptomatology, analogous to what has been described in latent tetany, chronic fatigue, asthenia and idiopathic Barlow's disease (87) . Central nervous hyperexcitability may be associated with decreased energy and cationic gradients, along with disturbances in calcium distribution and increased susceptibility to peroxidation; or with increased activity of the excitatory neuromediators acetylcholine and catecholamines, and with decreased activity of the inhibitory neuromediators taurine and glutaurine (88) .
Cardiovascular manifestations of magnesium deficit have also been described. They mainly include modifications of EMG, arrhythmias and increased sensitivity to cardiac glucosides. Nevertheless, these disturbances are similar to those described for potassium deficit, and may indeed be secondary to magnesium deficit (89) . Magnesium deficit is often in the origin of a mitral diskinesia (prolapse) (90) . Besides disturbances in the nervous and cardiac system, magnesium deficit can influence fibre and collagen structures, lipid profile, and the endocrine system (2,91). Additionally, there is much controversy about the role of magnesium deficit in the physiopathology of osteoporosis and immunodepression. (92, 93) .
Magnesium deficit and special populations 4.3.1. Magnesium and athletes
Primary magnesium deficit plays a role in the pathophysiology of physical exercise (94, 95) . Several studies have reported that athletes may be deficient in magnesium (96, 97) . The studies of Boggio and co-workers (98) showed that the food intake of athletes and sedentary subjects is very similar, apart from significantly different energy values in the intake of athletes. Two conditions contribute to frequent mineral deficits among athletes: they consume diets with inadequate mineral amounts, lower than the recommended dietary allowances (RDA) (99) , and mineral losses in urine and sweat are more important during exercise that in basal conditions (100) . During exercise, compartmental shifts of magnesium have been observed, but data to demonstrate the variations in magnesium levels after exercise are inconsistent. Inconsistencies may be related to differences in experimental designs, work intensity, work duration, timing of blood samples, etc.. With respect to exercise intensity, various authors have indicated that short-term maximal exercise leads to hypermagnesemia as a consequence of the decrease in plasma volume and the shift of cellular magnesium into the extracellular fluids that results from acidosis and muscle contraction (101, 102) . Data from Joborn and co-workers (103) suggests that releases of magnesium from muscles might contribute to rises in plasma magnesium, as is well known to be the case for potassium. These changes may depend on the relative contribution of anaerobic metabolism to the total energy expended during exercise. Submaximal exercise has also been reported to be accompanied by hypomagnesemia (104) (105) (106) (107) (108) (109) (110) . Low plasma magnesium levels have been explained by several mechanisms: redistribution of magnesium to red blood cells, adipocytes, or myocytes (111); loss in urine due to increases in aldosterone, antidiuretic hormone, thyroid hormones, and acidosis, all of which reduce the tubular reabsorption of magnesium (102); and stress induced by exercise raises endogenous catecholamine levels, increasing lipolysis (112) . Possibly magnesium is lowered by adrenaline indirectly via lipolysis, as suggested by Rayssiguier (113). Also, Elliot and Rizack (114) found increased magnesium content in plasma membrane vesicles derived from fat cells after adrenaline stimulation in vitro; hyperexcretion in sweat acquires real importance only in cases of intense activity under conditions of high temperature and humidity. Although some explanations have been offered for the compartmental shifts of magnesium, the precise mechanism remains to be clarified. It is important to determine whether there is only a transient fall in plasma magnesium concentration or whether participation in sustained exercise may induce permanent alterations. Several studies indicate that there is a sustained fall in plasma magnesium after strenuous exercise and that hypomagnesemia persists during a season of athletic training (115-119).
Dissimilar findings are reported concerning magnesium variations in red blood cells with aerobic exercise. Córdova (101) investigated the effects of three high-intensity exercises on plasma and red blood cell magnesium levels in men. The latter were increased after all maximal exercises, in agreement with reports by other authors (102, 120) , and were related to the increased metabolic activity during exercise, which would induce a shift of the cation from the plasmatic compartment. However, Golf and co-workers (121) reported a significant reduction in red blood cell magnesium following vigorous cycloergometer exercise, which was in accordance both with our findings (107; 109) and those of Lijnen and coworkers (122) . These inconsistencies may result from the measurement method for red blood cell magnesium content, the intensity and duration of the exercise test, and the metabolic pathways involved. Regarding submaximal exercises, Casoni and co-workers (96) observed an increase in red blood cell magnesium that they associated with the cell uptake required by increased glycolisis and NADPH production. However, several other studies indicated a decrease after strenuous exercise and found that low magnesium levels in red blood cells persist during a season of athletic training (117, 118) .
In view of these results it may be proposed that prolonged intensive exercise exposes subjects to direct magnesium depletion, which can only aggravate the consequences of a frequent marginal deficiency. So, during the practice of strenuous exercise, the conditions are prone to the decrease of magnesium status. We might highlight the importance of evaluating magnesium status in athletes, not only because its deficit may compromise performance, but also because the practice of exercise with a magnesium deficit may render the individual more susceptible to cellular damage.
Magnesium and elderly people
As in the population at large, magnesium deficit has been observed in elderly people (91) and may be of primary or secondary origin. Some studies of magnesium intake in elderly people have shown inadequate intake (123-128) especially among the institutionalized elderly (129). Nevertheless other authors suggested that healthy free-living elderly have adequate intakes (130, 131) . Additionally, in elderly people, magnesium depletion is frequently observed, attributed to deregulation of factors controlling magnesium metabolism (132). Magnesium absorption seems to decrease with age, and magnesium exchange pools are reduced in elderly people (133) . Concerning magnesium leakage, results are controversial. Increased, decreased and normal values have been observed (124,134,135). Age-related hormonal changes might include hypothalamic alteration that may induce the disruption of circadian rhythm for plasma cortisol and melatonin (136) . Several clinical observations confirm the frequency of hyperglucocorticism in the elderly. Thus, a chronic stressful state may be latent during the aging process. This deregulation may be an important factor in magnesium depletion among elderly persons (137), through the vicious cycle between magnesium and stress.
The pathological aspect of aging must also be considered in relation to secondary magnesium deficit. Elderly subjects present a high incidence of illness, which generally predisposes them to two types of magnesium deficit: pathologic magnesium deficit induced by the disease itself and magnesium deficit due to the side effects of the treatments. Among the various diseases that may induce secondary magnesium deficit is Diabetes mellitus (138). High consumption of drugs among aged people may also predispose to secondary magnesium deficit, e.g. diuretics. Long-term treatment with loop diuretics may induce magnesium depletion due to excessive urinary leakage (137).
Magnesium deficit may accelerate aging through its various effects on the neuromuscular, cardiovascular, and endocrine apparatus as well as the bone, kidney, immune, stress and anti-oxidant systems (51,139).
Magnesium deficit and disease 4.4.1. Magnesium and cardiovascular diseases
Magnesium deficit has been discussed as a possible contributing factor to the development of cardiovascular diseases (51, 61, 140, 141) . Idiopathic mitral valve prolapse is the clinical expression in cardiac tissue of a wider form of primary magnesium deficit that includes the nervous system and the heart that encompasses even neuromuscular hyperexcitability (142) . The symptomatology of the idiopathic mitral valve prolapse syndrome coincides in diversity and lack of specificity with the clinical features of latent tetany. Our group has observed the therapeutic efficacy of magnesium lactate in patients suffering from mitral valve prolapse and latent tetany. The results appear quite favorable, particularly in relation to the functional manifestations and regarding palpitations, atypical precordialgias, peripheral vascular spasms, muscular cramps, and lipothymias. However, a modification of the characteristic stethoscopic signs of mitral valve prolapse was not observed, and the same can be said for levels of magnesium in red blood cells: no notable alteration was detected with treatment. Serum magnesium levels at the end of the trial revealed a rise (143) . Detailed randomized studies should be carried out in order to test the true efficacy of magnesium administration, the convenient duration of treatment, the maintenance dose, the influence of other factors at onset, and maintenance of clinical features.
Important changes in magnesium levels were observed in the acute phase of myocardial infarction, generally expressed as low serum magnesium levels (144) (145) (146) (147) (148) . Experimental research on animals and postmortem examination of human hearts suggest a magnesium deficit in ischemic myocardium (149) . Studies have also demonstrated that magnesium can suppress platelet activation by either inhibiting platelet stimulating factors such as thromboxane A 2 , or by stimulating synthesis of platelet inhibitory factors such as prostacyclin (PgI 2 ) (150) (151) (152) . Hypomagnesemia also impairs the release of nitric oxide, a potent nitro-vasodilator and inhibitor of platelet aggregation, from the coronary endothelium (153) . Intervention trials have shown that magnesium administration has a cytoprotective effect in myocardial reperfusion therapy (154, 155) . Shechter (156) observed the inhibition of thrombus formation, and several other investigators have observed a reduction in mortality among thrombosis patients with acute myocardial infarction treated with intravenous magnesium (LIMIT-2: Leicester intravenous magnesium intervention trial; 157). However, another large study (ISIS-4: International Study of Infarct Survival) showed no efficacy (158). In the LIMIT-2 study, the treatment started around 3 hours after the onset of symptoms, but in the ISIS-4 the treatment was administrated later (52) . An early administration is probably important for favorable results (159). These observations led to the hypothesis that magnesium modulates vasoconstriction and platelet-dependent thrombosis. The molecular basis for these effects probably involves the reduction of intracellular calcium mobilization.
Acute myocardial infarction represents an oxidative stress, with the production of oxygen free radicals responsible for peroxidative damage to myocardial tissue, which becomes more evident during reperfusion (160, 161) . To determine whether magnesium sulfate administration may have antioxidant effects, levels of plasma tiobarbituric reactive substances, low-density lipoproteins (LDL) susceptibility to peroxidation, and plasma epinephrine oxidase activity were measured at several moments during the evolution of an acute myocardial infarction. Magnesium was intravenously administered early after the onset of symptoms (162, 163) . Plasma thiobarbituric reactive substances and epinephrine oxidase activity were increased very early, suggesting the production of reactive oxygen species (162, 163) . However, the group given magnesium sulfate showed significantly smaller increases of plasma tiobarbituric reactive substances and epinephrine oxidase activity when compared with the group given placebo (classic thrombolitic therapy). The increase in LDL susceptibility to peroxidation was not significantly different between groups. These results suggest an antioxidant protective effect for magnesium, although further studies are needed.
There is also growing evidence that magnesium deficiency may affect lipoprotein metabolism, increase lipoprotein peroxidation, and induce an inflammatory response which may contribute to the development of atherosclerosis (140) . However, in opposition to animal models, the effect of magnesium deficit on atherogenesis in humans is very difficult to determine. Although epidemiological and clinical data suggest an association between the two situations, there is not yet a consensus.
Increasing evidence also suggests an important physiological role for magnesium in blood pressure regulation and a pathophysiological role in hypertension, although the mechanisms are unclear (164, 165 ] i is decreased in essential and experimental hypertension (166, 167) . It has been proposed that the ability of magnesium to influence blood pressure could be related to its calcium-antagonistic actions in cardiovascular cells (168, 169) . Angiotensin II, a vasoactive agent that has been implicated in the pathogenesis of hypertension (169) , has been shown to induce a significantly greater response in vascular smooth muscle cells from spontaneously hypertensive rats than in those from normotensive Wistar Kyoto rats (170).
Touyz and co-workers have suggested that in vascular smooth muscle cells, [Mg
2+
] i is regulated by angiotensin II and that magnesium may be an important second messenger in angiotensin II signaling in these cells from hypertensive rats (8). The use of oral magnesium supplementation showed no hypotensor effect; nevertheless experimental and clinical studies have shown that intravenous magnesium administration lowers blood pressure through vasodilatory action (171).
Magnesium and insulin resistance associated with obesity, hypertension and Diabetes mellitus
Since the seventies, it has been widely recognized that diabetic patients, both type I and II, have low levels of magnesium in plasma (172) (173) (174) (175) (176) (177) . At the same time, the role of magnesium in hypertensive disease and its clinical subtypes was also described (173, (178) (179) (180) . These and other studies established the relationship between magnesium and calcium physiopathology, mainly concerning the stimulus of contraction coupling in vessels smooth muscle cells (178, 181, 182) . Ferranini and coworkers (183) and Reaven and Hoffman (184) described the syndrome X (now called plurimetabolic syndrome), which establishes the connection between the result of a hemodynamic dysfunction such as hypertension and pure metabolic situations like insulin resistance or diabetes type II (185) . Magnesium's function as a predominant "metabolic" cation partially explains that relationship, in conjunction with calcium in terms of cation physiopathology. Low levels of magnesium were associated with insulin resistance, both in normotensive and hypertensive people (186) (187) (188) (189) (190) (191) (192) . Basal glucose levels also seem to modulate the response of cells to the regulation of intracellular magnesium levels by insulin (186, (193) (194) (195) . To corroborate these findings there is evidence of magnesium depletion in poorly controlled patients with both type I and II diabetes (172, 185) . The explanation for the increasingly lower levels of magnesium in poorly controlled type I and II diabetes could be the high magnesium excretion secondary to higher levels of glucose, which inhibits tubular reabsortion of magnesium (196, 197) . Those mechanisms can explain the vicious cycle of insulin resistance followed by hyperglicemia that aggravates insulin resistance, because magnesium depletion can induce a defective tyrosine phosphorylation of insulin receptors (198) . The mechanisms of magnesium loss through urine can also involve hypergluco-and/or hypermineralocorticism, both of which are more accentuated in aged people (199) (200) (201) .
Magnesium and preeclampsia, eclampsia and convulsive disorders
Pregnancy is one of the physiological conditions which courses with hypomagnesiemia inversely correlated with gestational age even when magnesium concentration in plasma is corrected for hemodilution and protein levels. Additionally, intracellular levels of magnesium in the myometrium are lower in pregnant than in non-pregnant women. A higher urinary magnesium excretion is correlated with magnesium levels in the myometrium (202, 203) . Preeclampsia and one of its major complication's that courses with convulsions, eclampsia, are pathologic situations very responsive to parenteral magnesium treatment. The rationale of this therapy is based on blocking of acetylcholine at the neuromuscular junction, inhibition of release of catecholamines, and enhancement of the effect of the prostacycline/thomboxane ratio (204) (205) (206) . Two reports studying women with hypertensive disorders of pregnancy from different ethnic backgrounds confirmed previous findings of low levels of magnesium, both intracellular and extracellular (207, 208) .
Magnesium and sickle cell disease
There is ample evidence of a differential distribution of inter-erythrocyte magnesium between free and ATP or 2,3-DPG chelates in erythrocytes of different ages (209, 210) . Total magnesium is elevated in the least dense fraction of erythrocytes, where the youngest circulating cells are localized (210) (211) (212) . The erythrocytes with higher density from homozygotic sickle cell patients (SS) have low levels of magnesium, particularly the free magnesium, that are correlated with higher efflux through the Gardos channel (213) . Also, when magnesium content in erythrocytes is increased, K-Cl cotransporter is inhibited, and consequently this inhibits red blood cell dehydratation. Two clinical trials demonstrate that administration of magnesium salt can both hydrate SS erythrocytes and inhibit K-Cl cotransporter (214, 215) .
Magnesium and chronic alcoholism
In chronic alcoholics, the tendency to develop magnesium deficit is due to several factors: these individuals are frequently mal nourished, have increased losses of intestinal contents through vomiting, and may have increased urine volume as the result of inhibition of the antidiuretic hormone (ADH) by ethanol. Other factors such as hypophosphatemia, hyperaldosteronemia secondary to hepatic lesion, and hypoparathyroidism can also contribute to hypermagnesuria (216) (217) (218) . In addition, these patients may often be treated with diuretics, which increase the loss of magnesium. Respiratory alkalosis may also induce a magnesium efflux from cells (216) . Sometimes, when ethanol is stopped and a balanced diet is furnished, a fast recovery follows (217, 219) .
CONCLUSIONS AND PERSPECTIVES
The Authors have focused on reviewing the major aspects of magnesium physiology, which may explain the physiopathology of several pathologic situations where magnesium deregulation is observed and have given examples of some of these diseases. It is clear that magnesium alterations are associated with various diseases. However, we do not know the precise mechanism for these relationships. Several gaps in our knowledge of magnesium metabolism still challenge various investigators. Major areas in question are the relationship between calcium and magnesium, especially the pure metabolic effects as opposed to the biophysical aspects as well as the molecular identification and characterization of systems involved in magnesium metabolism and transport. In the future we expect that the increasing knowledge about the human genome will allow the formulation of informed hypothesis regarding the above mentioned issues in addition to allowing the identification of new molecules and their physiological functions. Advances in this field of research may lead to the possibility of linking specific molecular defects to clinical disorders and provide the molecular basis for development of new selective drugs for better and more targeted treatment. In the coming years, controlled randomized clinical trials will also be necessary to characterize the role of magnesium in the physiopathology of disease and to determine whether magnesium supplementation can alter the natural history of diseases such as cardiovascular diseases, diabetes, preeclampsia, eclampsia, and sickle cell disease.
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